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SUMMARY

3Analytical and experimental model studies were made at the Stevens
Institute of hch@bu,w (ETT) in order to de-
t:ornine the origin and dependence upon the basic plening parameters of the
main spray associated with prismatic planing hulls. It wes found that the
min spray originates locally at the stagnation line intersection with the
chine and that the water contained in the spray comes from a strip of un-
disturbed surface fluid lying ahead of and parallel to the chine over a
width approximately 0.10 beams on either side of the chine line. The max-
imus spray height was found to be proportional to the square of the plan-
ing velocity, increased almost lineariy with increasing trim angle, cid
not vary stromngly with deadrise angle, achieved a maximum height at a
deadrise angle of 10 degrees, and was independent of aspect ratio in the
chines-watted planing condition. Small vertical spray strips were very
effective in causing considerable reductions in spray height. Horisocatal
chine flares were ineffective in reducing the spray boight.&

NOMENCLATURE
b beam of planing surface
Cy speed coefficient V//gh
d depth of chine strip below chine line
4 acceleration of gravity
P pressure
Py stagnation presswe
3 redive of curvature
t ickaees of s strean Wle
v resultant fluld wmioclly

B vwieelly compomen’ morwal Lo stagration 1l
\J wmisclly component parelisl %o Be stagration lime
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horisontal distance along body axis
transversé distance inbody axis

angle baotween stagnation line and whisker spray measured in plane
of bottom

deadrise angle
spray thicknsss

lateral position of maximum height of main spray blister outboard
of chine

angle between spray sheet and planing surface
wmean wetted length beam ratio, 1-/b
total lsngth of planing surface

distance of stagmtion point ahead of trailing edge of planing
surfacs

distence of stagnation point behind the leading edge of planing
surface

wean wetted length

tan"! dy/ax

mass density of fluid

surface tension of fluid

trin angle

noxizum height of main spray blister sbove level wvater surface

INTRODUC TION

This report presents the reesults of a modal study of the phencmsna

of the min or blister spray generated bty planing bulla. Motivation for
this work sterswd from the isportance of sucd sprays as are produced Wy
seanlenms during telm-off and landing., It alvays has been & prodlea for
the seaplane dreigner Lo arremge the ving, tall and engime locations to
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minimize the wetting of such members by the planing spray. Impingement of
a heavy spray on the wings, particularly upon the flaps, can and has pro-
duced structural damage. With the advent of jet-powered seaplanes, it is
particularly impcrtant that spray be so controlled as to prevent ingestion
into the jet engines of water which can easily extinguish combustion or
lead to corrosion of turbine blades. .

Present-day pi'actice in design of seaplanes seeks to provide a con-
trol on the spray by means of spray dams which are essentially flanges into
vhich the hull is faired at the chine. The dams direct the water downward
at the juncture of the chine and water surface. Small-scale tests have been
conducted with a model of the specific seaplane under consideration in erder
to determine the offect.ventss of the chine configurations in reducing the
spray configuration with respect to the hull. Such experimentation usually
has been on a design-to-design basis and, although materially assisting in
the solution of specific spray problems, has contributed little to an under-
standing of the flow pattern, its origin, and how it depends upon speed,
trim and the geometry of a body. Inasmuch as a basic systematic study of
seaplane spray generation is lacking, a combired theoretical and experi-
mental investigation was undertaken to provide some insight into the mech-
anisa of the generation of the main 4pray and how its geometry varies with
planing conditions and the shape of the planing body.

This report begins with a deacription of the basic types of spray
formations produced bty planing surfaces and how their qualitative behavior
and gensration my be accounted for theoretically. The experimental work
undertaken is descrided next and the test results are presented in a form
vhich shows the dependemce of the coordinates cf the maximum height of the
min spray upon the speed coefficient and angles of trim and deadrise. The
ef foctivensss of simple spray stripe along the chine is determined from
systematic tests.

T™is vork, which has been conducted at the Experimental Towing Tamk,
Stevers Institu. of Techmology ("7T), has been supported bty the Mechanice
Branch, Office of Naval Research under Contract Nomr 26310, Tnis stedy
vas designated as Project o, 71.1700 at ETT.
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BASIC CONCEPT OF SPRAY
GENERATION

General Considerations

It is common inowledge that large distortions of a fluid surface
ocecur near the leading edge of wetted areas of bocdiee which plane upon or
pierce the water surface at high speeds. These his“i-spesd water distor-
ticns gensrally lead to the formation of spray. At low speeds the water
s« “ion near the bow takss the form of & wave which is in continuous contact
with the body surface and neighboring 7luid. At higher spesds 2w flow
abovt the bow fails to cling tc the surface as a wave and separates from it,
thus forming a locally ventilated flow. Depending upon the shape of the
leading edge, this ventilation may be preceded or followed by & rupturing
of the flow into two parts. One part forms the spray which moves out and
upvard, while the other remains as the main body of the flow field. The
basie reeson for such a strong reaction is the presence of a stagmtion
line in the immediate vicinity of the free surface. A stagnation line is
a locus of points on a body along which the flow is divided imto two perte
and on which the maximm pressure is developed from the btringing to rest
an important component of the free stream velocity, V. At low V, the
presence of this stagnation line will cause a local "bump® or swelling of
ths free surface and will contribute to the generation of a wave train
downstream or aft of the body. As the plaming surface veloeity, V, is
increased, the fluid above the stagnation streamline will move upward and
outward with increasing force until the layer tears sway. Detemmination
of the velocity which initiates this transition can be explained Yy taking,
as example, the case of an obetacle placed close to the fluid-air inter-
face as is shown in the adjacent sketeh.



free surface; p = 0

stagnation streamline

leading edge of body
over which pressure
is positive

The forces acting on the element ABCD are considsred to be: 1) the
reaction from the body, 2) the surface tension, and 3) gravity. The equa-
tion of motion along the normal to the body then ie

'2
p(s)(a8) - 20’? (88) - pgt(aS) cos w = - pt &S T (1)

provided the frictional forces are neglected. If the thin layer of water
rounding the obstacle is *o detach and thus ventilate, the pressure along
DC mast fall to sero. The critical welocity then is given by

4
vzu-af‘ ﬁOﬂmu " (2)

The gensral expression for radius of curvature is
: 2 M
::*-(10(2) ) . (3

Sebstituting Bquation (}) imte Bguatisa (2) resulte ia

Pl (;)’]m

“”- ® (‘)

R-¢
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Inasmuch as the surface tension of water is smell (about 0.00512 1b./ft.),
the coefficient of the first term on the right-hand side of Equation (k)
(0.00512/t) can be large, relative to the second term, only for very small
bodies, For geometrically similar obstacles, the importance of the first
term diminishes linearly with size (since t increases with size), wherees
the last term grows linearly with sire., Consequently, the surface tension
plays virtually no role in the flow about large bodies. In general, then,
the onset of spray may be expected to depsnd upon the Froude mumber and
the Weber number so that some scale effect can be expected in small modsl
tests in which only the froude number is preserved. As will be presently
seen, the thickness, t, of the fluid lzyer which is skimmed off into
spray by a flat planing surface is indeed small so that it is quite possi-
ble for surface tension to influence the generation of spray and the shape
of the spray sheet after it leaves the hull.

Spray Generated bty a fwo-limensional Flat Planing Plate

The local flow pattern about a flat plate planing on the surface of
a f1nid has boen treated by Wagnerl and more completely by A.E. Green-
using the two-dixensional free-streamline theory. Mor present purposes it
will be sufficient merely to use some of their results to illustrate the

theoretically predicted flow pattern about a flat planing surface.

Wagner's mathematical model is considered first to illustrate the
fact that the spray thickness is small compared to a characteristic dimep-
sion of the body. Wagner considered a plate whose length above the calm
wvater intersection iz infinite as shown in the following sketch.

wagner’'s Two-Dimrmsional Sprag Configwration
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Using Wagner's solution, which applies to speeds such that the inertia
forces are much larger than the gravity force, Equation (29) of Refer-
ence 3 can be used to approximate the spray thickness, & , in a fraction
of the wetted length (‘9.) measured to the spray root as:

2

;—:r——r;"‘r (for 7T <<1.0) , (s)
.3

where T is the trim angle in radians. Thus, for a trim angle of 12 de-
grees, § is only about 2.5 percent of ,I.- and is directed upward at the
trim engle 1. However, this initial trajectory angle of the spray depends
upon the initial extent of the upper end of the plate above the undis-
turbed free surface as shown theoreticaily by Grnn2 who considered both

plates of finite and infinite length planing on fluids of infinite and
finite depth.

The adjacent sketch shows the flow pattern for the case of a plate of
finite length planing in a fluid of infinite depth.

Creen's Nwo-Dimemaional Spray Configuration
Por Pinite Length Planing Plate

Wen 1L 1s mede infinite in such & vay that £, 1s fized wd 1, — =,
Green's results reduce to Wagner's. urwlz finite the spray trajece
tory angle, v , is coneidersbly different from the trim angle, <.
freen's solution enables one to compute the flov and forcee acting om &
plste for asy mear surface sublmergence so that the case of & fully ventii-
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lated plate can be computed. This is illustratad in the following sketch.

stagnation point - v

Fully Ventilated Submerged Flat Planing Plate

For this case it is evident that the spragy thickness is large and
the angle Y is many times <, approaching, in fact, the supplement of
T. The important fact to note is that as a plate is immersed in a fluid,
say at constant trim angle, the stagnation point moves closer to the upper
end of the plate. At the same time the width of the stream tube, formed
by the stagnation streamline and the free surface, thickens and, at a
particular position, the inertia” of the spray becoms so great that the
divided flow begins to bend around the top edge of the plate. The varia-
tion of the angle Y with the position of the stagnation line has been
evaluated for & trim angle of 3O degrees using Green's theonitical exypres-
sions. The results are graphed in Pigure 1 (page 30) which shows that the
angle Y departs appreciably from sero for 91/1 >0,60. In the fol-
lowing sectinn it will be shcwn that this rapidly increasing spray angle
accounts for the appearance of the main spray as contrasted to the so-
called “whisker" eprey associated with planing surfacee.

- — e

“It 18 o be noted that the fluid is endowed with mass deseity so that
inertia forcee exist dut that gravity is neglected.



Spray Generated by a Three-Dimensional Prismatic Planing Bedy

In order to describe the two basic spray shapes associated with plan-
ing forms and the hydrodynamic flow processes which lead to the generation
of these sprays it is necessary to examine the geometry of a simple, con-
stant deadrise planing body and the associated free water surface as shown
in the following sketch.

calm water intersection

chine 7 - stagnation line

—

Section A=A

A pile-up of water ahead of the calm-water intersection with the
bottom Lakes place at the forward edge of the wetted planing area. Accord-
ing to theoretical and experimental results (References 1 and L), the sctual
wetted width is essentially W /2 times the wetlted width defimmd Yy tho
level wvater intersection with the bottom. In the Lmmediate vicinity cf the
wetted leading edge, a stagnation line of high pressures exists. The angle
of the stagnation line relative to keel can b geometrically es’ablished

from » krwwlcdge of the deadrise, trim and W /2 wave rise factor. Twodis-

tinct spray patlerns are shown in the pwreviouws skestech., Ome i Lhe so-calied

R-678
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"whisker" spray which appears along the length of the stagnation line, and
the other is the main spray which rises sharply from the side of the hull
after originating in the vicinity of the stagnation line intersection with
the chine. Characteristically, the whisker spray is a thin, light spray
consisting of droplets of water. The main spray is a continuous blister of
fluid in the form of a cone whose apex is in the vicinity of the stagnation
line intersection with the chine. Both spray patterns are apparent in Fig-
ure 2 (page 31) which is a photograph of a 20 degree deadrise surface plan-
ing at a trim angle of eight degrees and a speed coefficient of L.00.

Another free surface disturbance shown in the sketch on page 9 is a
bow wave which originates at the chine intertection with the water surface.
This bow wave is a divergent wave formation and is akin to the gravity waves
which exist for normal displacement vessels. At low speeds, prior to the
development of either the whisker or main spray, the bow wave formation is
the only visible water surface disturbance. As the speed increases, drop-
lets of whisker spray and a small main spray blister appear somewhat outside
the crest of the bow wave. At high planing speeds the whisker and main
spray formations become larger and wider so that they predominate and com-
pletely obscure the bow wave. For all planing speeds, the height of the
crest of the bov wave is relatively small.

Considering the simple prismatic surface sketched on page 9 , exper-
imental evidence presented by Suiloys, indicates that, except in the vicin-
ity of the chine, the pressure distribtution along the stagnation line is
essentially constant. This fact lends considerable support to the assump-
tions made by several writers that the resultant flow patterns in three-
dimensional planiig can be decomposed into two-dimensional components.
Thus, in analogy to the aerodynamic treatment of flows over swept-back
vings, the free stream velocily cen be resolved into a component Vn normal
to and a component V. along the stagmation line as shown in the following
sketch which is an enlargement of the leeding edge of the wmtted dottom
area, The velocity components 'a and V! are defined in terms of dead-

rise and trim argle Yy Plerson and mhaoan.



calm water
intersection

stagnation line

’ C2
\(“:gamr

Vn

Since V_ is essentially constant along the stagnation line (as a conse-
quence of the assumpticn of constant stagnation pressure and Bernoulli's
equation), the flow in planes normal to the stagnation line (sectioms k-c)
my be treated as two-dimensional flows. Hence, it can be assumed that the
flow in section k-c is equivalent to the flow about a two-dimensional flat
plate planing at an effective <’ and V.. If the plane k-c 1is taken
to be fixed in space and the planing surface is made to pass through this
plane at a constant V, anr exari:gtion of the changing fiow patterns in
the plane k-c will lead to a possible physical explanation for the gen-
eration of both the whisker and main sprays.

This can be explained by considering consecutive positions klcl .
k202 and k3c3 of the plane normal to the stagnation line. For posi-
tions k’lcl and k2c2 , the effectivw two-dimensional flow is that of a
semi-infinite flat plate as treated by Wagner’ and discussed on page 6 of
this report. In these planes a thin spray, 8 , is generated and flows
along the bottom surface making an effective angle <' with respect to the
calm water surface. Using the principles of similitude, the wetted length
and spray thickness associated with these equivalent two-dimensional “lat
plates incresse linearly with increasing distame kB, T™e effective tao.

dimensional planing velocity for & plane such ae klgl ie Y,. and,

R-678
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consequently, the spray velocity in this plane is Vn « In the actual
three-dimensionai flow pattern the velocity component Va is added to the
two-dimensional comporent V_  so that the resultant spray velocity is V
and makes an angle «= tan =V n/V' relative to the stagnation line. This
resultant spray is the whisker spray previously described. It should be
noted, from the previous sketch on page 11, that the whisker spray makes
the same angle « with the stagnation line as does the free stream veloc-
iyr V. This principle of "spray reflection™ is developed analytically
and demonstrated experimentally in Reference 6. An important character-
istic of the whisker spray is that it flows along the hull bottom and leaves
the chine at an angle which is equal to the geometi'ic angle of the hull bot-
tom relative to the level water surface. This angle is msasured in a plane
which is at an angle @ to the stagnation line and norml to the bottom.
For conventional trim and deadrise combinations, this hull bottom angle is
usually small and, conseguently, the whiskir spray, which follows a ballis-
tic trajectory after leaving the chine, does not achieve large beights above
the water surface. Furthermore, since the whisker spray is composed of thin,
light droplets of fluid it usually is controlled by moderats chine flares.

For normal plianes near the chine terminus of the stagnation line,
i.e., section l:3c3 , & sharp change in the two-dimensiomal flow pattern
takes place primarily because the effective two-dimensionel surface becomes
a surface of finite length whose leading edge is in close vicinity to the
stagnation line. In the inboard sections (klcl, k2c2) the equivalent
tvo=dimensional flows were taken as being similar to the Wagner semi-
infinite flow solution and the resultant spray direction vas showm to be
tangent to the hull bottom. At the finite length outboard sections (k3c3)
the equivalent two-dimensional flows are similar to those described Yy
Green® (and on page 7 of this report) where the spray sheet beads around
the leading edge of the planing surface and develope large initial trajec-
tory angles upon leaving the surface.

Using Green's formulas, Figure 1 on page 30 has been prepared to show
the variation in spray trajeci ry angle vwith a decreasing total length of
planing surface. It ean be seen that, for ratios of effective wetied leagth

to total length less than .50, the spray trajectery angle is equal to the



trim angle of the planing surface. When the ratio becomes larger than .60
(such as in sections near the chine) a rapid increase in the initial spray
trajectory angle results. Applying these two-dimensional flow concepts to
the three-dimensional planing surface, it is evident that, as plane k-c
approaches the chine, two contimuous changes in flow patterns result. 1In
the first tle spr&y thickness increases, while in the second the initial
spray trajectory angle increases rapidly for sections near the chine (Fig-
ure 1, page 30) The large initial spray trajectory angle near the chine
can account for the formation of the main spray blister previously des-
cribed. This flow process indicates that the main spray is generated in a
localized area in ‘he region of the stagnation lins intersection with the
chine, The fact that the spray thickness and initial trajectory angle are
large in the area of the chine causes the main spray blister to be a rela-
tively heavy sheet which reaches maximum trajectories high emough to wet
seriously and to increase the resistance of many exposed areas of a sea-
plane, It is this main spray sheet with which the subject report is

concerned.

In swemary then, the preceding physical descriptions indicate that
the whisker spray and main spray are generated by essentially the same
physical flow processes, The different shapes of each spray pattern are
attributed to the sharp increase in initial trajectory angle (Figure 1)
and the contimuous increase in elemental spray thickness as the effective
two-dimsnsional flow planes approach the chine. Inasmuch as the pressure
(and, consequently, the velocity) changes rapidly near the chine end of

the stagnation line, it is not expected that the superposition of the cross-

flow and spray-root flow will result in accurate quantitative results,
Nevertheless, it does give a qualitative picture of ths lydrodynamic flows
which lead to the development of vhisker and main sprays. In order to ex-
plore further the mechanisa of main spray generation and to verify the
assumption that it is genmerated in a localised region near the stagnation
line intersection with the chine, a few simple experiments were perforwed,
These are described in the following section,

R-678
13-
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EXPERIMENTAL STUDIES

The experimental investigations performed in this study of planing
surface sprays included both broad explorations to define the origin of the
spray generation and detailed measurements to relate the main spray gecme-
try with hull ard planing parameters.

Exploratory Tests to Determine Origin of Main Spray

Spray Dan Tests

It has been hypothec_ied ir the previous gensral discussion that a
main spray originates virtuslly from a ®point® in the immediate vicinity of
the stagnation 1ine intersection with the chine. It was considered important
to verify experimsntally this hypothceis since casual observations of e

maain spray blister on a high speed planing model give the i1apression that

water 1ssues along the entire wetted chine length, thus forming the spray
blister  In order to explore this point a thin sheet-metal strip .20 beams
long was mounted vertically at several longitudinal positions along the
chins of a 20 degree deadrise planing surface as shown in the following

sketch. (The dimensions of the vertical chine strip are defined in this
sketch.)

! ,
| l =~ .01b
l .

P P

The planing surface was set at a fized Meave and at a flsed trim angle of
eight degrees and towed at a constant speed coefficient of 1.00. The re-
sultant spray pattern for theee planing conditions is showm in Pigure )a
on page X. As Lhe smill wvertical chine etirip was moved 1o positions swe-



cessively forward, no effect on themain spray blister was noticed until
the strip was placed at the stagnation line intersection with the chine.
At this point almost the entire main spray blister was suppressed by the
minute spray strip. Figure 3 presents photographs indicating the effective-
ness of the small local chine strip in practically eliminating the main
spray blister. As evident in these photographs, the chine or spray sirip
was installed only on the starboard side. The main spray blister on the
port side is seen to be ussaentlially identical in both photographs. As the
local chine strip was moved ai.cad of the stagnation line intersection with
the chine, the main spray blister was undisturbed but a deflection of the
vhisker spray in the area of the chine strip took place.

One other hypothesis concerning the origin of a main spray also was
explored. It had been suggested that the velocity component along the
stagnation line (V.) might cause a fluid flow in the direction of the
chine and that, upon leaving the chine, this fluid jet would expand to
develop the main spray blister. In order to investigate ihis hypothesis
s small longitudinal flat projecting platea .20 beams long and .05 beams
deep was placed in line wit: the flow normal to the bottom and across the
stagnation line successively at athwartship locations of .25 and .375 beams
from the keel. It was intended that this spray strip would obstruct the
fluid flow along th‘o stagnation line and, ccnsequently, reduce the fluid
volume and ulter the geometry of the main spragy blister. A sketch of this

local spray dam and photographs of its effects on the main upray are given
in Pigure L on page 33, It is evident that the inboar? sprsy dams have only
a small effect on altering the appearance of the main sprsy blister. Itis
otvious from comparing the photographs in Figures 3 and L that the chine
epray strip iz much more effective thin an indoard strip in controlling the
min spray blister.

Dye Injection Teste

To charscterise further the origin of planing surface sprays and
particulerly to defim the divigion of the undisturted water surface inte
viislor and main spray, a series of odeervatione wvere made of Lhe stesdly-
11ate patiarne when 2 Slue dye wee added Yo W Tluid 2t wricws lowstions

R-678
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around the planing surface. The dye was carried on the test model and re-
leased from a hopper as a contimuous, thin liquid stream. The locationsat
which the dye was introduced onto the free water surface are shown in Fig-
ure 5 on page 3k. During each test run colored motion pictures were tuken
to establish the distribution of the dye into the areas of spray and wake.
(These films are available at ETT,) An analysis of these test results
indicated several qualitative conclusions concerning the basic development
of the spray patterns.

The dye was first introduced at position one (intersection of stag-
nation 1line with chine) to reestablish the fact that main spray issues from
a single smll region. As had been expected, the entire main spray blister
became colored, When the dye injection was moved ferwerd to position two
(in the area of the whisker spray) the main spray was uncolored and streaks
of blue appeared in the area of the whisker spray surrounding the point of
dye introduction. The tlue dye stream then was moved to positions aft of
the stagnation line intersection with the .hine (positi ‘us three and four).
In these positions the main spray blister remained uncolored and the blue
dye appeared in the wake of the planing surface.

The cdye hopper next was moved ahsad of the planing suslece and the
dye was introduced onto the undisturbed level weter surface (positions five
through ten). In position five occasional streaks of blue appeared in the
whisker spray, the main spray remained uncolored and a msjor portion of the
dye appeared as a longitudinal centerline streak in the wake of the planing
surface. At position six substantial areas of the whisker spray were colored,
but the main spray and wake remained uncolored. When the Qre was placed in
positions seven, eight and nine, the main spray blister wee colored blue,
but the whisker spray and vake remsined uncolored. When the dye vas moved
to position ten both the spray and veke remained uncolored and a thin blue
sireak appeared on the vater surface parallel to the centerline of the
model,

The qualitative resulte of this expleratery &re experiment reaffirmed
the comviction that the main spray blister origimates from a single small
region at the stagmtiion lime intersectiion vith Lhe chine snd alse showed
Lhat



(1) the undisturbed fluid ahead of and along the centerline of the
model appeared in the wake;

(2) the undisturbed surface fluid ahead of the model and for a dis-
tance of approximately .LO beams outboard of the keel appeared
in the whisker spray;

(3) the undisturbed free surface fluid lying in a band approximately
0.10 beam on either side of the chine line was generated into the
‘main spray blister;

(L4) any free surface fluid further outboard of the keel than 0.70
beams did not contribute to either spray formation.

Detailed Measurements of Main Spray

Test Program and Procedure

Detailed measuremente were made cf (1) the maximum height of the main
spray relative to the undisturbed water surface and (2) the lateral posi-
tion of the maximum spray height relative to the laning model. The main
spray dimensions were determined for simple prismatic deadrise models hav-
ing a beam of nins inches and deadrise angles of 0, 10, 20 and 30 degrees.
The models were tested over a trim ang'e range 6 < T < 15 degrees, a
speed coefficient rangs 1.0 < C < L.0, «nd for mean wetted length-
bean ratios A\ < 2,50. Brief investigations were made on the effect of
simple chine spray strips in reducing the height of the main spray blister
and on the effect of & wind screen towed ahead of the model.

At the start of this investigation the spray dimensions were obtained
by the three-view schems developed by Locke' using a single overhe.d camera
and two mirrors. The details of this technique are descridbed in Reference
7. Early in the investigation it was found that this technique presented
difficulties in odtaining a consistent set of data mainly because the
vhisker spray obecured the main spray in manmy of the views., Furthermore,
the necessary delay in processing the exposed film prevented the estab-
lishment of ruming date plots. To circumvent these difficulties, it ws
decided to wse a Polarvid-land camra vhich was set up at the side of Tank
Ko. 3 4in order to photograph the side elevation of the model and its asso-

R-678
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clated main spray blister. The rapid self-developing film used in this
camera provided spray height data immediately after the end of each test
rune A 70 mm camera was used simultaneously to photograph a rear view of
the main spray in order to provide data on the lateral position of the spray
blister. A grid board was attached to the side of the model and was used
along with the Polaroici camera to measure the side elevation dimensions of
the main spray blister. Proper corrections were made to the readings to
account for the difference in the height between the top of the sprey and
the center of the Polaroid camsra. A suitable static calibration wae pre-
vided for the 70 mm camsra.

Appearance and Behavior of Main Spray in Model Scale

Prior to presenting the results of the detailed spray measurements,
a description will be given of the general appearance and behavior of the
main spray during the model tests. This will serve as background for in-
terpreting the measured results.

The series of side-view photographs given in Figure 6 on page 36 il-
lustrates a typical variation in the appearance of the main spray as the
speed of the model was izcreased. Figure 7 on page 36 presents the corres-
ponding stern viev phctographs of the same test runs. These photographs
are coples of the actual pictures used to establish the main spray height
and lateral positions. In these pictures the test model is a 20-degree
deadrise, nine-inch beana prismatic surface planing at a trim angle of 12 de-
erees. No main spray formation is evident for C_ < 1,50. Instead a
small pile-up of water is visidble in the area of the chine intersection with
the water surface. At low speed coefficients the stern views clearly show
the small bow wave formation attached to the model. At C' « 1,50 the
typical main spray blister appears as a thin contimious sheet of fluid,

At C, = 2,00 the main spray blister becomes higher and larger but still
maintaing its eesentially continuous appearance. Vhen the Cv is increased
to 2.50 the spray sheet increases in height and develope an instability which
is characterized by the appearance of sinusoidal oscillations (not unlike
that of a flag in a breese). This instability is sisdlar to that descrided
bty Dundurs amd Hamilton® in their basic study of the stability »f thin sheeta.



At C_ = 3,00 the min spray instability attains oscillations severe
enougfx to 121pture areas of the spray sheet and to form droplets of water
wvhich are thrown away from the main spray sheet. When the planing speed
is increased to Cv = 3,50, the general appearance of the main spray is
no longer that of a contimuous blister but, for the most part, consists of
broken, dense dioplets of fluid whose trajectory is a continuation of that
porticn of the main spray sheet which is still intact. This characteris-
tic ie most clearly illustrated ir the stern view photographs of Figure 7
on page 36. Figure 7 also shows that the effect of increasing the speed
coefficient causes the inboard surface of the main spray sheet to move
closer to the chine of the planing model and, eventually to obscure the
bow wave formetion which had developed at low speeds.

The thin, continuous "glassy" appearance of the mein spray sheet at
moderate valuves of Cv is characteristic of the main spray developed dur-
ing the model tests. Prototype min spray formatiocns usually are broken,
dense droplets of water which present an overall milky white appearance.
Because of the contimuity and smell radius of curvature of the model main
spray sheet, surface tension forces are large, relative to the inertia
forces. Consequently. these forces hava a strong effect in keeping the
spray blister intsct. This curved spray shset acts as a highly cambered
airfoil which develops an aerodynamic 1lift caused by the action of the rela-
tive wind stream into which the spray sheet is throwm. The 1ift force then
raises the spray blister to a somevhat greater height than it would achieve
if the model were towed in a vacuwm.

Tais 1lifting effect was noted in a brief experimental investigation
which wes made with & 30 degree deadriss =modsl towed at trim angles of 12
and 15 degrees, with and without a deflecting windscreen installed ahead of
the planing model. For the nine-inch beam model at a cv = 2,00, themain
spray height witicct a vindscresn was approximately 20 percent higher than
that vith a windscreen. It wes also found that, without a windscreen, the
spray sheet became unstable at a lower cv and that its instabilities wvere
more pronounced than with a windscreen. At higher c' when the spray shee’
was broken wp into dense droplets of water, the windscreen had Jittle ef-
fect on the spray sppsarmnce. Because of the brief, exploratery nature of
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the windscreen investigation a thorough evaluation of the effect of surface
tension and aerocdynamic forces on model apray geometry at small velocity
coefficients was not possible. However, it can be hypothesized that, as
the model size is increased, the inertia forces will become much larger than
the surface tension forces and, consequently, the extent of the main spray
vhich remains intact shrinks. In the prototype, the sheet-like behavior
usually is confined to the first fow feet of the spray and beyond that re-
gion the spray disintegrates into myriad droplets which appear to contimue
upward and outward on the initial trajectory of the spray sheet. Because
of the unknown magnitude and comsequences of surface tension and aerody-
namic forces in model tests of main spray, a more comprehensive and basic
study of these effects is recommended, particularly for very small model

sizes.

The correlation between model and corresponding prototype spray
heights has been the subject cf several papers (Referemces 7, 9, 10 and
11). The results of these studies have been inconclusive. Some indicate
good agreement between model and prototype spray heights, while others
irdicate the prototype spray to be somewhat higher than the model spray.
One of the difficulties in such a comparison has been the unreliability of
the prototype data. Sufficiently accurate measwements of the prototype
trim, heave, draft and spray height have not been available to nske accu-~
rate comparisons with model results. Furthermore, prototype tests are al-
ways in a power-on condition where propeller slipstream velocities may
influence the spray height. One uniform recormendation made by moet invest-
igators is that further study of the characteristics and behavior of model
and prototype spray formations is highly desirable.

In order to eliminate the aerodynamic effects on model spray blisters
it was decided to measure all spray heights with the model running behind
a vindscreen. It was believed that the resuvltant spray heights would be
more like those of ;.h. broken prototype spray which appeared to be unef-
fected by the free stream velocity.

As further illustration of the spray appearance with varying planing
paramaters, Figure 8 on page 37 has been prepared to illusirate the spray
variation with trim angles and Pigure 9 on page 38 has deen prepared to
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show the variation with deadrise angles. Both series of photographs are
for s nine-inch beam model planing at C_ = 2,00, It is evidsnt that the
"glassy®, continucus appearance of the main spray is maintained for trim
angles fromsix to 15 degrees. PFigure 9 shows that at B = O degrees the
main spray does not exhibit the usual blister appearance but rather appears
as a longitudinal plume of water. For § = 10, 20 and 30 degrees, the
blister appearance of the main spray again is evident. The subsequent sec-
tion of this report will define quantitatively the wvariation in spray geome-
try with deadrise, trim and velocity coefficient.

Height of Main Sprgy from Model Teasts

The maximum heights, ¢ , of the mein spray blister, as measured
from the Folaroid-lLand pictures, are plotted in Figure 10 on page 39 for
the four tested dsadrise surfaces. All test data were obtained for the
nine-inch beam models planing at a fixed \ = 2,50 and towed behind a
vindscreen. The height, { , is the distance between the level water
surface and the maximum height of the spray blister which remains intact.
At values of c' vhere the smray broke into rather large dx:f)plotl, an
accurate determination of the maximum spray height wee not posgible,

In Pigure 10, the ratio { /V°/2s 1is plotted against C_ for each
test trim angle and deadrise model. This normalised representation of the
spray height was used in order to establish whether or not the spray fol-
lowed a ballistic trajectory upon leaving the chine of the planing model.
Examining the dnuroruehdndrin it can be seen that, beyond a C_ of
approximately 1.50, the ratio { A /2( is a constant for.a given t.rn
angle, thus, indicating that the aspray height varies as the square of the
speed for a given combination of planing conditioms., Por c, < 1.50 1t
is seen that, with decreasing speed, the spray height cecreases much more
rapidly than the square of the speed. This is attributed to the fact that,
in this speed range, the basic flow pattern adlout the model is influenced
strongly ty gravity" and to some extent by surface temsion. Por 10, 20

"Mis 1 not to b» confwed with the inflwence of bucysmcy whose effect
is spparemt in planing 1ift coefficlient wp to a Cy; of abowt 20.
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:nd 30 degrees deadrise surfaces & limiting line is drawn to indicate the
combinations of Cv and T at which the spray blister breaks up into large
droplets.

Although it was difficult to measure accurately the maximum spray
height during the spray break-up, it was expected that, since the main spray
development followed & ballistic trajectory, the maximum height of the water
droplets at high Cv could be defined by the normalized coefficients
3 /Vz,/Zg . It is interesting to nota that, for 2 given trim the spray
sheet remained intact at higher speeds as the deadrise angle was increased
from 10 to 30 degrees. Observations of the model spray patterns indicated
that, with increasing deadrise; the spray blister becasme rerrcwer in width
and was directed further aft. The narrower width would make the spray
blister more stable and, consequently, would delay the development of in-
stabilities in the sheet.

For § = O degrees, no spray break-up limit line is shown in Pigure
10 (page 39). It should be recalled from the discussions on page 21 that
the usual sprey blister was not developed for f = O degrees, but rather
the spray appeared as a long longitudinal plume of water running close to
the chine of the model. In order to investigate the effect of A on the
main spray height, several test runs were made with each deadrise model set
at )\ = 0,80 and 1.50. For this test range of 1, no discernable effect
of man wetted length-beam ratio on the spray geometry was evidenced. This
follows from the fact that the wain spray generation was depcadent solely
on the local conditions at the stignation line intersection with the chine.

The limiting values of the retio C/V2/2¢ for each trim and dead-
rise combination have been taken from Pigure 10 and replotted in Figuvre 11
on page LO in order to show more clearly the effect of trim and deadrise on
rain spray height, It is seen that, at a given trim angle, the spray height
is smallest for § = 0 degrees, increases to & maximum value when § 1is
approximately 10 degrees, and then decreases as § 1is increased to 30 de-
grees. Increasing < at arny given | causes & large, almost linear in-
crease in maximum spray height. It is evident from Pigure 11 that, cn the
vhole, the main spray height is much more sensitive to trim angle changes
than to changes in deadrise angle,
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Saperposed on the plots « f Figure 11 are lines of the constant stag-
nation line piressure coefficient, p e/% pV2 . The combinations of T and
B which develop a constant pg were obtained from Figure 15 of Refer-
ence 6 which shows that the stagnstion line pressures are solsly dependent
upon the angle between the stagnation line and keel, measured in the plane
of the bottom. Consequently, for given values of stagnation pressure co-
efficient and trim angle, there is a corresponding deadrise angle which
vill develop this pressure. It is interesting to note from Figure 11, that
the maximum main spray heights are not strongly depemient upon the stagna-
tion pressure. Instead, for a given stagnation pressure, there is a linear
ircrease in spray height with increasing deadrise angle. Similarly, by a
cross-plot of Figure 11 using the trim angle as an abscissa, it can be
shown that, for a given stagnation pressure, a linear increase of spray
height taskes place as the trim angle is increased. Both incresses follow
from the fact that, for constant P, an increase in trim or deadrise re-
sults in larger effective angles of attack of the two-dimensional flow
plane used to describe qualitatively the main spray generation (page 12).
It will be recallsd that the angle of attack of the two-dimensional flow
plame is the angle between the line of intersection nT a plane normal to
the bottom and perpendicular to the stagmation line and the lime of inter-
section of this plane with the level water surface. The value of this
angle in terms of trim and deadrise is given in Figure 3 of Keference 12.
The angles of attack of the sffectivww two-dimension plares were calculated
for the trim and deadrise combinatioms which developed the constant ratios
p,/3 6V’ shown in Figwe 11. Although these results are not tabulated in
this repor?, it was found that the initial trajectory angles corresponding
to the maximum measured spray heights were always largsr than the effec-
tive angle of attack of the two-dimensional planes. This fact further in-
dicates that there is a large turn-up of the basic fluid flov as it leaves
the chine -- such as was asscciated with Green's flov which was described
on page 7 and in Reference 2. It is again emphasised that the descrip-
tioms of mein spray gemsration contained herein give a qualitative picture
of the mechanisa,but a detailed three-dimensional study is necessary of the
flow in the region of the stegnation lime intersection with the chine in
order to descride quantitatively the main spray geometry.
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Lateral Position of Maximum Spray Height from Model Tests

The transverse position, m , of the maximum height of the main
spray blister mesasured cutboard of the chine is shown in Figure 12 (page
11) for the four test models. For each deadrise model, the coefficient
n /V2/23 is plotted against C_ for each test trim angle.

For deadrise angles of 3zero and 10 degrees, it is evident that the
ratio "/V2/23 is essentially constant for each test trim angle when C_
is larger than approximately 2.00. For p = 20 degrees a slight reduc-
tion in the ratio " AN’/2g 1s noted when C_ 1is increased to values
larger than 2,00, For P = 30 degrees, the ratio '7/\72/25 is constant
for the range 2,00 < C, < 3.50 and then decreases as C' is increased
to values larger tham 3.50. If the ballistic concept of main spray gen-
eration is applied, it becomss apparent that the athnftahip compenent of
the spray trajectory angle is a function of the speed coefficient for each
deadrise angle. It should be recalled from the discussions of sprayheight
(page 21) that the spray height varied as the square of the speed for all
test Cc, 2 1.50, thus indicating that the trajectory angle relative to
the horizontal is independent of Cv . From the data in Pigurs 12 on page
41 it appears that, for a given trim end deadrise angle, the athwartship
component of the trajectory angle first increases with C' , then remains
constant over a small increment of Cv and finally is reduced as Cv is
further increased. No attempt has been made in this analysis to evaluate
this atlwartship angle for the various test combinations of <, $ and
Cv. However, it is clear from Figure 12 that the absolute distance, 7 ,
increases constantl;y with C‘r over the test speed rarge.

In order to isclate the effect of « and § on the lateral posi-
tion of the maximm spray height, the maximm values of the ratis " /v/2g,
for 8 given T and § combimtion, have been taken from Figure 12 and
replotted on Figure 13 on page h2. It is clear that, for all test dead-
rise models, the lateral position of the maximm spray height incresses with
increasing trim angle. The effect of increasing deadrise from sero L 20 de-
grees, for a given trim angle, is to increase the lateral position of the
spray blister. \hen the deadrise is increased %o 3O degrees the lateral
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position is decreased. The minimm lateral rosition of the main spray
occurs at a deadrise angle of zero degrees fcr all test trim angles.

Effectiveness of Chine Flare in Controlling Main Spray Height

A brief investigation was made of the effect of simple vertical and
horisontal chine strips in altering the height of the main spray blister.
For this investigation the nins-inch beam, 20-degree deadrise model was
tested at trim angles of 8, 12 and 15 degrees over a C, range from ap-
proximately 1.50 to 4L.00. Several vertical and horizontal chine flares
were investigated at each combination of planing parameters.,

The vertical chine strip was a .064-inch dural plate which was
fastened to the side of the model along the entire length of the starboard
chine, The bottom edge of the wvertical chine plate was set at depths of
006 b, 011 b, .022 b and .05 b below the chine 1line. Polaroid-Land
pictures were taken of the resultant spray pasttern in order to establish
the maximum heights of the main spray blister. The results of this investi-
gation are presented in Figure 1l (page 43) which shows that the vertical
spray strip is extremely effective in reducing the height of the main spray.
For a vertical chine strip 5.6 percent of the beam deep, the spray height
wias reduced to approximately 65 percent of the height developed in testes of
the model without chine strips.

At trim angles of eight and 12 degrees the figure shows that increas-
Zng the depth of the vertical spray strips to .011 b cawes significant
reduc tioms in the spray height. PFurther increases in the depth of the spray
strip result in only moderate reductions in spray height. It appears that,
for these trim angles, little gain in spray reduction will be achieved by
using vertical sprgy strip depths larger than 5.5 percent of the beam.
These results are in excellemt agreement with conclusions reached b;LockoD.
At test trim angles of 1S degrees, a contimuous reduction in spray height
appear: as the depth of vertical strip is increased. No attempt was made
to establish the limiting depth at which the effectiveness of vertical
spray strips was reduced.
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The horizontal chine strip used in these tests was formed by filling
the area between thc bottom edge of the vertical chine strip and the bot-
tom of the model with plasticene. The iower surface of the plasticene fill
was horizontal, was faired into the bottom of the model, and was set at
depths of .022 b and .056 b below the chine of the model. The results -f
these tests are plotted in Figure 15 on page Lij. It is seen that horizon-
tal chine flare has no effect in reducing the height of the main spray.

In fact, at the test trim of 15 degrces, the horizontal chine flare actu-
ally caused an increase in spray height as compared to the model without a
chire flare, Again, these results confirm the results obtained by Locke

in Figure 9 of Reference 13.

Due to structural design difficulties, the vertical chine strip may
not be a practical configuration. The introduction of a chine fillet with
down flare should overcome this structural uifficuity and produce good spray
control, It appears to be important in chine flare design to make certain
that the edge flows are deflected downward upon leaving the model. In Fig-
urs 13 of Reference 13, Locke showed that a down flare angls of LS degreec
is almost as effective as a vertical chine strip.

CONCLUSIONS

Aprlytical and experimental studies of the main spray associated with
prismatic planing surfaces have led to the following conclusions regarding
the basic mechanism of its gensration and the dependence of its geometric
form upon the fundamentel planing parameters.

1. The main spray originates from & localized area at the inter-
section of the stagnation and chine lines.

2. The entire min spray blister can be suppressed effectively ty a
small local vertical spray dam placed at the stagnation line intersection
vith the chine,

3. The trajectory angle between the main spray sheet and the hori-
sonial plane is much larger than the trim angle or the angle of the stag-
nation line above the horisontal. It is the trajectory angle which accounts
for the large heighte achieved Yty the main spray blister.



Lbe The generation of the so-called "whisker" spray at the wetted
leading edge of & planing surface is similar to Wagner's semi-infinite
two-dimensional type of flow, while the generation of the main spray
blister immediately behind the whisker spray is similar to Green's finite-
leading-edge (‘wo-dimensional) type of flow. A natural transition from
the Wagner-type to the Green-type flow exists at the forward edge of the

planing area.

S. The water in the main spray originates from a surface strip of
the undistuc'bed fluid lying ahead of and parallel to the chine of the
planing surface for a width approximately .10 beems on each side of the
chine 1ins. The surface fluid inboard of this strip appears as a whisker
spray, while the fluid outboard of the strip remains on the surface wave
generated by the planing surface.

6, Detailed measurements indicate the spray heighte vary with the
squire of the speed for C, 2 1.50 and depend only on the locil flow
conditions at the stagmation line intersection with the chine, i.e., do
not vary with aspect ratio,

7. The trim angle has a strong effect on the maximm height of the
main spray. Spray heights incresse approximately linearly with the in-
creasing trim angle.

8. The deadrise angle has only & moderate effect on the maximum
height of the main spray. The spray height increases as the deadrise
angle is increased from sero to 10 degrees and then decreases as the
angle increases abowe 10 degrees.

9. Vertical chine strips are a very effective means for reducing
the spray height. Chine strip depths as small as 2.2 percest of the beam
reduce the mein spray height almost 65 percent,

10, Horisontally faired chine stripe are ineffective in reducing the
spry heights,
11. Because of the intact, "glassy™ contimious bdlister which is

characteristic of model spray, surface tension forces act through the
sheet and the entire sheet is subjected to aerodymamic 1ifting forces as

R-678
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it passes through the relative wind stream. The combinsd effect of tlcse
{orces on model spray heights should be further investigated.
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FIGURE |
VARIATION OF SPRAY ANGLE WITH DEPTH OF SUBMERGENCE

FOR A TWO-DIMENSIONAL FLAT PLATE AT T :=30°
(GREEN'S SOLUTION, REFERENCE 2)
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FIGURE 8
VARIATION OF MAIN SPRAY PATTERN
WITH INCREASING TRIM ANGLE
(SIDE VIEW)
B =20° Cy = 2.00 b=9"
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FIGURE 9
VARIATION OF MAIN SPRAY PATTERN
WITH INCREASING DEADRISE ANGLE

T:=12° Cy = 2.00 b=9"

p:20° p:30°
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FIGURE I
VARIAT!ION OF MAXIMUM HEIGHT OF MAIN SPRAY BLISTER

WITH TRIM AND DEADRISE
FOR C,>150
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FIGURE 13

VARIATION OF LATERAL POSITION OF MAXIMUM SPRAY HEIGHT
WITH TRIM AND DEADRISE

(MAXIMUM LATERAL POSITIONS TAKEN FROM FIGURE 12)
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